A model to predict the enhanced thermal conductivity of water based copper nanofluid on the basis of molecular dynamics simulation coupled with stochastic simulation shows for the first time that the temperature of a copper nanoparticle colliding with a heat source can rise rapidly within the short collision period (e.g., 10-50 ps) estimated by impact dynamics due to phonon transfer. Thereafter the particles undergo Brownian movement in the base fluid and transfer the excess heat in about 2 to 3 ms to the surrounding fluid resulting in an appreciable enhancement of the thermal conductivity of the fluid. Microconvection has minor contribution to the enhanced thermal conductivity of nanofluids. The predicted thermal conductivity of nanofluid and its variation with the volume fraction of the nanoparticles agree well with the present experiments, as well as, with the data reported in the literature.
INTRODUCTION
A nanofluid is a colloidal suspension of nanoparticles dispersed in a liquid. 1 Diverse types of nanofluids have been produced and characterized by different investigators worldwide. [2] [3] [4] Experiments have revealed that the addition of a very small volume fraction of nanoparticles into a liquid results in a significant enhancement in thermal conductivity of the liquid. [5] [6] [7] [8] [9] [10] [11] Conventional continuum models, such as Maxwell model, 12 Hamilton and Crosser model, 13 etc., cannot account for this intriguing feature. These continuum models assume that the particles are motionless in the suspension. 12 13 Since this is not valid for the nanoparticles suspended in a fluid, several models for assessment of the thermal conductivity of nanofluids have taken into account of the movement of nanoparticles and other possible physical phenomena like interfacial nanolayering and/or particle clustering, as summarized below.
Kumar et al. 14 have proposed a model to explain their observations on the dependence of thermal conductivity on the volume fraction and size of nanoparticles, and the temperature of nanofluid. The prediction of their model * Author to whom correspondence should be addressed.
matches well with the experimental data for low volume fraction of nanoparticles. It takes into consideration the diffusive heat transport and Brownian motion. In order to incorporate the effect of Brownian movement of nanoparticles, they have considered the thermal conductivity of nanoparticles (k p to be proportional to the mean velocity of the particles. However, this amounts to extrapolation of the kinetic theory for molecules 15 to the case of nanoparticles, which is open to question. Moreover, the proportionality constant term relating k p with the mean particle velocity serves there like an arbitrary scaling parameter. Shukla and Dhir 16 have formulated a model based on the translational Brownian motion of particles in a homogeneous medium. In this model, the contribution of Brownian motion to the thermal conductivity has been added to the contribution due to macroscopic Hamilton-Crosser model. But the model has made use of a term 'reference temperature' and an empirical constant, whose values are system dependent and arbitrarily chosen to validate the model. Bhattacharya et al. 17 have performed simulation of the Brownian dynamics for the estimation of thermal conductivity of nanofluids. Their model has made use of two fitting parameters of potential energy function that needs to be scaled to match with their experimental data. The effect of localized convection (micro-convection) induced by Brownian motion of the nanoparticles has been considered by several authors. [18] [19] [20] But they have also partly resorted to empiricism to match the experimental data. Thus, although many models have attempted to explain the significant enhancement of thermal conductivity in terms of Brownian motion, it is still not clear, how the Brownian motion is contributing to such a significant enhancement.
On the other hand, many researchers [21] [22] [23] [24] have analyzed the role of Brownian motion in the heat transport through a nanofluid and have concluded that the contribution of Brownian motion to the enhancement in thermal conductivity is insignificant. Keblinski et al. 21 have explored four possible mechanisms, namely, (a) Brownian motion of nanoparticles in the base liquid, (b) ordered layering of liquid molecules at the liquidparticle interface, (c) ballistic nature of heat transport in nanoparticle, and (d) nanoparticle clustering to account for the increase in the thermal conductivity.
However, none of these mechanisms can explain the thermal behavior of nanofluids completely. Timofeeva et al. 22 have found that the Brownian movement of the nanoparticles serving as the carrier of heat does not make any significant contribution to the thermal conductivity, as compared to the effective thermal conductivity of nanofluid calculated without considering the movement of nanoparticles. They have also pointed out the role of particle agglomeration and interfacial resistance in determining the thermal conductivity of nanofluids. Nie et al. 23 have also computed the contribution of Brownian motion to the thermal conductivity of nanofluids and have concluded that it has an insignificant contribution in the enhancement of thermal conductivity. They have opined that micro-convection model based on the assumption of large value of dynamic boundary layer induced by Brownian motion is unrealistic. Evans et al. 24 have estimated the contribution of Brownian motion induced hydrodynamic effects on the thermal conductivity, and have found it to be negligible.
The effect of liquid layering at the liquid-solid interface has been theoretically investigated by Xue et al., 25 and in line with Keblinski et al. 21 they have suggested that the interfacial nanolayering of liquid molecules has insignificant role in enhancing the thermal conductivity of nanofluids.
Prasher et al. 26 have put forward a model that predicts enhancement in thermal conductivity of a nanofluid due to fractal agglomeration. However, the existence of such fractal agglomeration in non-magnetic nanofluid is not yet established by experiments. Moreover, the report of Hong et al. 27 on experimental investigation of the effect of nanoparticle clustering on the thermal conductivity enhancement of ethylene glycol based Fe nanofluid does not obey the theory of Prasher et al. 26 In addition to this, the experimental studies backed up by the theoretical analysis by Timofeeva et al. 22 has shown that weakly or nonagglomerated particles with bigger size (40 nm Al 2 O 3 have greater contribution to thermal conductivity enhancement, as compared to strongly agglomerated (dendritic) smaller sized (11 nm and 20 nm Al 2 O 3 particles in water medium. The agglomeration of 11 nm and 20 nm particles was evidenced from the viscosity and dynamic light scattering (DLS) measurements. The diffusion-limited aggregation model by Xuan et al. 28 has taken into consideration of Brownian motion and fractal agglomeration of nanoparticles, and they have found that the formation of aggregates reduces the energy transport efficiency of the suspended nanoparticles. Thus, several evidences indicate the negative effect of nanoparticle aggregation in the enhancement of thermal conductivity of nanofluids. 22 27 28 As a consequence, any model attempting to account for the anomalous thermal conductivity of a non-magnetic nanofluid based on the assumption of random or non-random aggregation of nanoparticles in the fluid would be unrealistic. In fact, surfactant and/or ultrasonic vibration are used to disperse the nanoparticles in a nanofluid and prevent/retard their agglomeration to achieve the desired enhancement in thermal conductivity. 29 Apart from the contribution of different physical phenomena discussed above the shape of the particle has also been considered as a factor in determining the thermal conductivity of nanofluids. 30 In spite of several attempts a concrete model of heat transfer of nanofluids is still lacking. Wang and Mujumdar 31 have critically reviewed the different possible mechanisms of heat transport in nanofluids and have concluded that there are no general mechanisms established so far that can explain the anomalous enhancement in thermal conductivity of nanofluids. Thus, at the present stage there is inadequacy in the theoretical knowledge of thermal conductivity of nanofluids. 32 Although numerous models have attempted to account for the enhanced thermal conductivity of nanofluids, the heat transfer characteristics during collision of the nanoparticles with the heat source/sink has not been examined so far. The present study has attempted to get an insight into this aspect. Using classical molecular dynamics (MD), the simulated collision between a Cu nanoparticle (at lower temperature) and a Cu block (heat source) has revealed for the first time that during the short duration of the collision a significant amount of heat is picked up by the nanoparticle due to phonon transfer. The heat transfer from the nanoparticles during their subsequent movement in the fluid has then been stochastically simulated to reveal that the excess heat picked up by the nanoparticles is efficiently dissipated to the base fluid in course of their Brownian movement in the bulk liquid. This process of heat pick-up during collision and subsequent dissipation occurs repeatedly due to the Brownian movement of the particles to cause a significant enhancement in the thermal conductivity of the fluid. The predictions of the present model
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A Molecular Dynamics-Stochastic Model for Thermal Conductivity of Nanofluids and Its Experimental Validation have been compared with the results of present experiments, as well as, the data reported in the literature. It is to be mentioned here that some studies have reported no abnormal enhancement in the thermal conductivity of nanofluids, 33 34 which is in contrast to the most of the experimental data reported in the literature. [5] [6] [7] [8] [9] [10] [11] This may be the case for some specific nanofluids under given conditions. However, its validity for all the nanofluids is questionable.
MODEL FORMULATION
It is well established that fine particles dispersed in a liquid undergo Brownian motion. During this Brownian movement the particles, which are randomly moving in all directions, will also collide with the walls of the container. In a nanofluid, does this collision between nanoparticles and heat source (wall) enhance the thermal conductivity of the fluid. The present work attempts to address this question. In order to do so a multi-scale model has been developed. The multi-scale model has two parts, viz., a model based on classical molecular dynamics (MD) which estimates the amount of heat exchanged during a single collision of a nanoparticle with the heat source, and a stochastic model which utilizes the information generated by the MD model to estimate the heat transferred between the heat source and fluid due to a large number of collisions.
MD Simulation of Heat Exchange During
Collision of Cu-Nanoparticles with a Cu-Heat Source
For evaluating the heat exchange during the collision of a Cu-nanoparticle with a Cu-block (heat source), classical MD simulation has been carried out using a MD code developed by the authors. In the MD algorithm, LennardJones pair potential 35 has been assumed for interatomic interactions amongst every pair of atoms, provided the interatomic distance is less than a cut-off radius of 2 nm, beyond which the interatomic interaction forces have been neglected as they become infinitesimally small. The collision speed has been varied from 1 to 50 m/s to see the effect of collision intensity on the thermal energy pick up by the nanoparticle. The duration of collision has been estimated from impact dynamics. 36 Increase in the average kinetic energy of atoms in the nanoparticle reflects the temperature acquired by the nanoparticle during the short collision period, which in turn yields the heat energy picked up by the nanoparticle during the collision. The time integration has been carried out using Velocity-Verlet algorithm 35 and time step of 10 −14 s. In the MD simulations, the initial phase space is described as follows. The heat source is assumed to have a shape of a block of 5.78416 nm × 7.2302 nm × 7.2302 nm size, as illustrated in Figure 1 . The colliding nanoparticle
Cu nanoparticle
Cu heat source is assumed to be spherical in shape, and its diameter is considered to be 4 or 10 nm. Before the simulation of a collision, the Cu-nanoparticle has been equilibrated at a predetermined temperature in the range of 298 to 358 K, and the Cu-block is equilibrated at 370 K using the isokinetic thermostat, and they are kept 0.4 nm apart from each other. The velocity of centre of mass of the Cu-block is zero and that of the nanoparticle is equal to the collision speed. It is to be noted that in the present simulation a block shaped heat source of very small size has been considered because of the convenience of MD simulation of collision of the nanoparticle with the heat source. The thermal conductivity measuring instrument such as transient hot-wire (THW) apparatus uses a metal wire of ∼10 5 nm diameter as the heat source, which is several orders of magnitude larger than the heat source considered in the present simulation. If the real size of the heat source is taken it will pose computational difficulty as the computational time will become enormous. Therefore, a small segment of the metal wire, which appears like a block has been considered as the heat source in the present simulation. Due to small size of the heat source in the simulation reported in this, only a minor error might be there. This is evident from the low drop in the temperature of heat source due to the collision (cf. Sec. 4.1). Hence, the assumption of the small Cu-block as the heat source for investigating the phonon transfer to the nanoparticle from the heat source using MD technique seems justified.
During the MD simulation the time modulation of temperatures of the nanoparticle and block has been estimated from the average kinetic energy of the atoms with respect to the frame of reference of their respective centre of masses. Since reliable interatomic potential is not available for Cu-H-O system, the effect of the drag force during the collision due to the H 2 O medium has been taken into account by applying an average external force on each atom of the nanoparticle. The external force on each atom is equal to the drag force divided by the number of Cu atoms in the nanoparticle, and its direction is opposite to the motion of the nanoparticle.
The heat transfer between the heat source and the particle would take place only during the period of collision ( t , which can be estimated from the impact dynamics 36 as:
Here r np is the radius of the nanoparticle, V coll is the velocity of the colliding nanoparticle, is the density of the nanoparticle, is the elasticity parameter for the particle or block material. The elasticity parameter is defined by
where, is the Poisson's ratio and E is the Young's modulus.
Stochastic Model and Thermal History of Nanoparticles in a Nanofluid
The stochastic model considers that the spherical nanoparticles of 4 nm diameter suspended in a water based nanofluid undergo Brownian motion, i.e., move randomly in the base fluid and repeatedly collide with a flat heat source (wall). The frequency of the collision depends on the parameters of Brownian motion like temperature and viscosity of the base fluid, size of the nanoparticle, etc. The nanoparticles will continuously exchange heat with the base fluid via convective mechanism depending on the temperature difference between the moving nanoparticle and the surrounding base fluid, and the velocity of the particle relative to the base fluid. During the collision of these particles with the heat source conductive phonon transfer takes place from the heat source to the nanoparticles. The extent of the conductive phonon transfer has been estimated using the classical MD model, which has been described in the earlier section.
Brownian Movement of a Single Nanoparticle in the Base Fluid
The stochastic model predicts the phase space evolution of a nanoparticle based on the following relationship:
where p(u 0 x ; u x , t) is the probability density function for the x-component of velocity (u x of the nanoparticle, and u 0 x is the initial velocity component along x-direction.
The m x t) and 2 x (t) are the mean and variance of the distribution of x-component of the velocity, respectively, and these are exponential functions of time t, as follows:
where, 2 0 (t) is given by:
Here M is the mass of the nanoparticle, T is the absolute temperature, is a constant with dimensions of frequency, and k B is the Boltzmann constant. can be expressed as:
where, is the dynamic viscosity of the fluid medium (water). Collision between particles has been neglected because of its low probability. This assumption is valid for low volume fraction of nanoparticles in the nanofluid.
Tracking the Temperature of Nanoparticle During the Brownian Motion
Based on the evolution of phase space, the variation of average particle temperature with time has been estimated, considering the following:
(1) In course of the Brownian motion when the nanoparticles collide with the heat source they extract thermal energy from the heat source through phonon transfer.
(2) Convective heat transfer takes place between the nanoparticles and base fluid when the particles move in the fluid after the collision.
The convective heat transfer between the nanoparticle and the surrounding base fluid is described as follows. For the flow past a spherical nanoparticle in a fluid, where the Reynold's number and Prandtl number are on the order of 1 and 10, respectively, the Nusselt number can be approximated as:
where, Re is the Reynolds number and Pr is the Prandtl number. Using the Nusselt number the heat transfer coefficient can be calculated as:
where, k f is the thermal conductivity of the base fluid, and d np is the nanoparticle diameter. The Reynolds number can be expressed as:
where, V RM is the velocity of the nanoparticle, is the kinematic viscosity of the medium. The heat transfer coefficient of any nanoparticle at any position in the liquid medium can be estimated, from a knowledge of flow past a sphere which in turn yields the temperature variation of that nanoparticle with time in course of its Brownian movement as:
where T np is the temperature of the nanoparticle, C p np is the specific heat of the constituent of nanoparticle, Q is the heat exchange between the nanoparticle and the fluid, t is the time. The rate of heat exchange between the nanoparticle and the fluid (water) is expressed as:
where T w is the temperature of the water medium. T w depends on the location, i.e., the distance from the flat heat source. In order to incorporate the variation in T w a thermal boundary layer in the base fluid having thickness ( T given by
has been considered, where L is the length of heat source and Gr L is the Grashof number which is given as:
Here is the volume expansion coefficient of water medium and T is the temperature difference between the heat source and the bulk fluid. The estimated thickness of the thermal boundary layer is found to be ∼1 mm for the system. The temperature of the water medium beyond the thermal boundary layer is assumed to remain at ambient temperature (298 K).
When the particle strikes the heat source, it rebounds in accordance with the laws of impact dynamics. The temperature change of the particle following the collision with the heat source has been determined from the simple relationships generated by the MD simulations. 
Simulating the Temperature Evolution of a Large Number of Nanoparticles
In the present model, collision occurring within a total time frame of 1 s has been taken into consideration for assessing the contribution of collisions to the enhanced thermal conductivity of the nanofluid. In order to justify the selection of time frame of 1 s, the enhancement in thermal conductivity has also been computed for the time frame of 10 s (cf. sec. 4.1). The time step chosen in this stochastic simulation is 10 −5 s which is in accordance with the work of Li and Peterson. 40 The frequency of collision, within a given time span, is a strong function of the perpendicular distance of the particle from the heat source at the beginning of the time-span. Preliminary computation has shown that the collision probabilities of particles situated more than 3.5 mm away from the heat source is negligible within the time period of 1 s. Hence, in the present stochastic model only the collisions of particles lying within a representative volume element of dimension 3.5 mm × 7.0 mm × 7.0 mm adjacent to the heat source have been considered, as illustrated schematically in Figure 2 . In order to estimate the average effect of collisions by different nanoparticles, the evolution of phase-space and temperature of nanoparticles, which are randomly placed at different initial distances from the heat source, were simulated. A total of 3500 values of initial distances were taken and in all the cases the initial velocity of the nanoparticles were taken as zero.
Estimation of Thermal Conductivity Enhancement of Nanofluid
To evaluate the thermal conductivity enhancement of the fluid for a given volume fraction of nanoparticles, first the number of nanoparticles present in a volume element is estimated. This is multiplied by the collision frequency of nanoparticles with the heat source to get the total number of collision per unit of time. Heat transferred per unit time due to collision can be expressed as:
where, q coll is the heat transfer per unit time due to collision, f is the collision frequency of the nanoparticle, N is the number of nanoparticle in the volume element for the given volume fraction, and H coll avg is the average heat transfer per collision. The rate of heat transfer by conduction through the liquid boundary layer can be represented as:
where, T is the thermal boundary layer thickness, A is the area of the heat source in contact with the volume element, T hs is the temperature of the heat source, T bf is the temperature of the bulk fluid (beyond the thermal boundary layer).Therefore, the percentage enhancement in heat transfer rate due to the presence of nanoparticles can be expressed as:
Since this is the ratio of the collision induced heat transfer rate to the heat transfer rate by conduction through the liquid, this can be regarded as the enhancement in thermal conductivity. The nanoparticles present at different distance from the heat source would contribute to different extent in the enhancement of thermal conductivity, because their collision frequencies and average heat transfer per collision are different. In the present study, the average of a large number of these values has been taken to get a measure of the average thermal conductivity enhancement of a nanofluid.
EXPERIMENTAL DETAILS
Water based copper nanofluids have been produced by a two-step method. First, the Cu nanoparticles have been produced by ball milling pure Cu powder (purity > 99.9%) of 300 mesh size for 40 h in a high energy planetary ball mill (Fritsch Pulverisette 5) using WC grinding media, and ball to powder ratio of 10:1. The milling has been carried out using toluene as the process control agent. The as-milled Cu powder has been characterized by Philips X'pert Pro high resolution X-ray diffractometer. The crystallite size of the milled powder has been determined from the X-ray diffraction (XRD) peak broadening by Williamson-Hall method, 41 which allows elimination of the contribution of machine broadening and microstrain. The crystallite size and particle size of the as-milled Cu powder have been verified using JEOL JSM 2100 transmission electron microscope. In the second step, these nanoparticles are dispersed in distilled water using a laurate salt surfactant to produce nanofluids with different volume fraction of nanoparticles loading. Apart from the water based nanofluids, the ethylene glycol based nanofluids having different volume fraction loading have also been produced by dispersing the 40 h milled Cu powder in ethylene glycol using oleic acid as surfactant. The thermal conductivity of the nanofluids has been measured by the Transient Hot-Wire method. 
RESULTS AND DISCUSSION
Coupled MD-Stochastic Simulation
MD simulations have been carried out to simulate the temperature rise of the nanoparticles of 4 nm and 10 nm diameter, initially equilibrated isothermally at 298 to 358 K, during their collision with a Cu-block (acting as a heat source) which has been equilibrated at 370 K. Figure 3 shows the estimated time-modulation of temperature of the Cu-nanoparticle of 4 nm diameter having an initial temperature of 298 K and colliding at speed of 4.151 m/s, which is the average speed of the colliding Cu nanoparticle (4 nm) as estimated from the stochastic simulation. It can be seen from Figure 3 that the computed temperature of the nanoparticle increases rapidly with the time, and approaches the Cu-block temperature within a time period of e = 1 2 × 10 −11 s. However, this mode of pulse-like heat transfer can be fully operational in the nanofluid as long as the period of collision ( t is ≥ e . But if t < e , then the heat extracted by a nanoparticle will be a fraction of that extracted during e . The heat energy received by a Cu nanoparticle is calculated from its temperature rise during this t. For a particle of 4 nm diameter, t calculated on the basis of Eq. (1) 
is 1 359×10
−11 s, if the collision speed is taken as 4.151 m/s. Since t of a 4 nm size Cu particle is greater than e , the above mentioned pulse-like heat transfer will be fully effective.
During the collision a portion of the surface of nanoparticle almost instantaneously picks up the thermal energy from the Cu-block due to direct contact, and then this heat-pulse is dissipated throughout the nanoparticle very rapidly owing to the very short distance for the energy transfer, as shown schematically in Figure 4 . This phenomenon seems to be responsible for the rapid rise in the temperature of the nanoparticle in such a short duration of collision (1 2×10 −11 s). The MD simulation shows a small
RESEARCH ARTICLE
Ghosh et al. A Molecular Dynamics-Stochastic Model for Thermal Conductivity of Nanofluids and Its Experimental Validation
Cu nanoparticle Cu block
Almost instantaneous transfer of energy decrease in the Cu-block temperature after the collision (Fig. 3) , which is due to the limited size of the heat source considered for the convenience of MD simulation. But in practical systems the volume of heat source is many orders of magnitude larger than the volume of the nanoparticle, and in that case the decrease in heat source temperature immediately after the collision should be negligible.
It may be noted that the effect of base fluid (H 2 O) has not been directly taken into account in the MD simulation due to non-availability of reliable interatomic potentials for the Cu-H-O system. The presence of base fluid is going to influence the collision speed and heat exchange during the collision in the following two ways: (1) The base fluid will provide a drag force on the nanoparticle in the direction opposite to its motion. It will thus reduce the intensity of collision. The drag force 42 (F d can be expressed as: As stated earlier, the effect of drag has been taken care of by applying the following external force on each of the atoms of the nanoparticle: (21) where N np is the number of atoms of the nanoparticle.
(2) The nanoparticles suspended in the nanofluid are surrounded by a layer of liquid molecules (water). Therefore some amount of heat will be dissipated to this surrounding liquid layer during the collision. It is known that the thermal conductivity of liquid (e.g., water 0.58 W/mK) is much smaller than that of metals (e.g., Cu 401 W/mK). Therefore, the nanoparticle which acquires the temperature of the heat source within few picoseconds is expected to dissipate negligible amount of heat to the surrounding liquid layer during its collision with the heat source, and hence the assumption seems justified.
The collision speed in the simulation has been varied from 1 to 50 m/s. It is found that the collision speed does not exert any significant influence on the simulated variation of temperature with time. However, the collision speed is expected to influence the collision period and hence the thermal energy pick up in a collision. Figure 5 shows the variation of collision period with collision speed, as per Eq. (1).
The MD simulation has been carried out for different initial temperature and collision speed of a nanoparticle of 4 nm size to estimate the temperature rise of the nanoparticle in a collision. The results of simulation plotted in Figure 6 show that the extent of rise in temperature of the nanoparticle due to a collision diminishes with the increasing collision speed and initial temperature of the nanoparticle. Moreover, the effect of collision speed becomes more pronounced for the lower initial temperature of the Cunanoparticles. These results are understandable, because as the temperature difference between the heat source (i.e., Cu-block) and nanoparticle decreases and/or duration of collision become shorter, the magnitude of heat flux to the nanoparticle during a collision should decrease. After the collision event the particle is assumed to move in the bulk liquid by Brownian motion, and it exchanges heat with the fluid as per the rule of flow past a spherical particle. 18 Assuming a uniform temperature all throughout the particle, the overall thermal modulation of a particle of 4 nm diameter obtained by the MD simulation coupled with stochastic analysis within a time span of 10 s has been depicted in Figure 7 . The sharp peaks correspond to the temperature changes during the collisions with the source, while the intermediate regions evidence the rapid dissipation of heat by the nanoparticle to the surrounding fluid. The nanoparticle moving in the base fluid by Brownian motion picks up heat very rapidly (in ∼12 picosecond) during colliding with the heat source, and subsequently it releases the excess heat rather fast (in ∼2-3 millisecond) to the base fluid by the combination of conductive and microconvective mechanism as it moves through the bulk fluid. The large surface area of the nanoparticles seems to promote the rapid heat transfer during its Brownian motion. In order to have an idea how the total time frame for stochastic simulation affects the output, the enhancement of thermal conductivity of a water based nanofluid containing 0.1 vol.% of Cu nanoparticles (4 nm dia.) has been computed for the time frame of 1 s and 10 s. The results show 21.71% and 21.7% enhancement in thermal conductivity, respectively, which indicates that the increase of time frame for stochastic simulation beyond 1 s has negligible effect on the predicted thermal conductivity of a nanofluid. Hence, all the results of stochastic simulation reported in the ensuing section have been carried out using a time frame of 1 s.
Computations based on the present model show that for 0.1 vol.% of Cu-nanoparticle (4 nm dia.) dispersed in water the percent enhancement in thermal conductivity with and without microconvection are 21.7% and 19.8%, respectively. Thus, although the present model allows microconvection to be operative in nanofluid, it has minor contribution to the overall enhancement in thermal conductivity. This result is qualitatively in agreement with the analysis of Nie et al. 23 and Evan et al. 24 In other words, the present work suggests that the heat transfer during Brownian motion of nanoparticles after their collision with the heat source occurs mainly by conduction. It is to be noted that in presence of microconvection the heat transfer coefficient (h) is a function of Reynolds number (Eq. (10) to be absent, h is taken as a constant, independent of the particle velocity. The MD simulation has also been carried out for collision of a spherical nanoparticle of 10 nm diameter to have an insight into the effect of particle size in nanofluids. The variation of temperature with time during collision with the heat source is shown in Figure 8 . The rapid rise in the temperature is also found here. The estimated collision period for 10 nm particle is 4 475 × 10 −11 s, and at the end of this collision period the temperature of a colliding nanoparticles, which was at an initial temperature of 298 K, rises to 327 K. Therefore, the pulse-like heat transfer is partially effective here, since t < e in this case. Due to large computation time, simulations have not attempted for different pre-collision temperatures and collision speeds for 10 nm particle. Nevertheless, the present simulation indicates that the mechanism of heat transfer in nanofluid proposed here for 4 nm sized particles is likely to be valid for higher size of nanoparticles. These predictions need to be tested against the experimental data.
Comparison with Experiments
The XRD pattern of 40 h milled Cu powder recorded using a Co-target is shown in Figure 9 . Analysis of the XRDspectrum has yielded the average crystallite size in the milled product as 24 nm. The transmission electron micrographs in Figure 10 display the crystallite size, particle size, and morphology of the Cu-nanoparticles. It is evident from the bright field TEM image ( Fig. 10(a) ) that the particles are partially agglomerated with particle sizes ranging from 6 nm to 100 nm, and the mean particle diameter is ∼40 nm. The corresponding dark field image ( Fig. 10(b) ) shows that the crystallite size in the partially agglomerated particles is in the range of 6 nm to 40 nm, which is in agreement with the result of XRD analysis. The average crystallite size calculated from the XRD pattern and the range of particle size obtained from the bright-field TEM image evidences that the particles generated by prior mechanical milling are mostly polycrystalline.
The enhancement in the thermal conductivity of the water based copper (4 nm dia.) nanofluid as a function of the volume fraction of nanoparticles has been predicted on the basis of the present coupled MD-stochastic model (using Eqs. (16)- (18)). These results have been compared in Figure 11 with the present experimental values for Cu-H 2 O nanofluid measured by the conventional Transient Hot-Wire method. 5 It is found that for a given volume percent of loading (≤0.3%), the theoretically estimated enhancement in thermal conductivity is about 25% more than the experimentally determined value for the present water based copper nanofluid. This deviation may be attributed to the smaller size of the nanoparticles (4 nm) considered in the present MD-stochastic model of nanofluid compared to the experimentally prevailing size of the Cu particles (6-100 nm) in the present nanofluid. Nevertheless, the prediction of the present model seems to be in reasonable agreement with the present experimental data for water based copper nanofluid. The effect of finer particle size on the enhancement of thermal conductivity is evident from Figure 11 depicting a comparison of the experimental data of Eastman et al. 6 for the ethylene glycol (EG) based nanofluids containing <10 nm sized Cu particles with that from the present experiments with EG based nanofluids having Cu particles of 6-100 nm size. For 0.13-0.3 vol.% nanoparticles loading the higher conductivity in the former case is quite evident from Figure 11 . For any given volume fraction of well-dispersed nanoparticles in a fluid, as the average size of particles decreases, their number and surface area to volume ratio increases. Further the frequency of collision of smaller sized particles is higher, resulting in higher enhancement of thermal conductivity. Thus, for a given fraction of evenly dispersed nanoparticle, the thermal conductivity of nanofluid should decrease with the increase in particle size.
It is evident from the present experimental data in Figure 11 that for the same volume fraction nanoparticle, the water based nanofluid shows higher enhancement in thermal conductivity compared to ethylene glycol based nanofluid. This is attributed to the lower viscosity of water medium compared to ethylene glycol medium, that would lead to higher collision frequency of the nanoparticles with the heat source.
Present model also predicts that the enhancement in thermal conductivity of a water based nanofluid would increase linearly with the extent of Cu nanoparticles loading (≤0.3 vol.%) in the base fluid. This nature of variation is also manifested by the present experimental data of water or EG based Cu-nanofluids (Fig. 11) .
The predictions based on Maxwell's model 12 for well dispersed Cu + H 2 O and Cu + EG nanofluids are also superimposed in Figure 11 , which show that for the low volume fraction of Cu-nanoparticle loading, the extent of thermal conductivity enhancements of both the nanofluids are almost identical, and these values lie far below the experimental data as well as the predictions of the present model. It is, therefore, apparent that the Maxwell's 12 continuum model is unable to account for the present experimental data.
On the other hand, Eapen et al. 33 have reported a limited enhancement in thermal conductivity in well dispersed nanofluid suspensions of silica and perfluorinated particles (MFA) in water, which they found to be in agreement with Maxwell's mean-field theory. Their results are also in contrast with most of the experimental data of thermal conductivity enhancement in nanofluids reported in the literature. [5] [6] [7] [8] [9] [10] [11] This apparent controversy can be potentially explained on the basis of the present model which, for the first time, has highlighted the importance of heat exchange during impact of nanoparticles with the heat source. The thermal conductivity of a nanofluid should enhance with the increase in thermal conductivity of the nanoparticles, as well as, with the duration of collision of nanoparticles with the heat source. SiO 2 has much lower thermal conductivity and collision period 36 than Cu leading to marginal enhancement of thermal conductivity of water based nanofluids containing SiO 2 nanoparticles, as compared to that containing Cu nanoparticles. On the other hand, MFA has a thermal conductivity ∼2000 times lower than that of copper. 33 Its thermal conductivity is even less than water 33 (0.61 W/m.K). So the rate of heat transfer through MFA particle during collision is expected to be less than that through water medium. This can account for the experimental results showing a decrease in thermal conductivity of water based nanofluids containing MFA particles compared to that of water medium. Thus, by taking into consideration of the collision period and thermal conductivity of colliding nanoparticles, and stochastic motion parameters, the present model is able to account for the experimentally obtained enhancement in thermal conductivity of diverse types of nanofluids.
Finally, the present model points out for the first time that apart from the thermal properties of dispersed nanoparticles their mechanical properties are also going to influence the thermal conductivity of nanofluids.
CONCLUSION
1. A coupled MD-stochastic model has been developed for predicting the thermal conductivity enhancement of water based copper nanofluid. Results of simulation shows the following:
(a) During collision of a nanoparticle with a heat source a pulse-like heat transfer occurs resulting in a rapid rise in temperature of the particle, and it can attain the temperature of the source within a very short time period e (e.g. 1.2×10 −11 s) depending on the condition of collision. This is attributed to the very small distance of heat conduction involved in the case of nanoparticles.
